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ANALYTICAL SCIENCES NOVEMBER 2008, VOL. 24 which was equipped with a concentric-type nebulizer (Conikal, AR35-1-FC1E, Glass Expansion Pty. Ltd., West Melbourne, Australia), was used to measure trace elements in Lake Baikal water directly and after tandem preconcentration. The operating conditions of the HR-ICP-MS instruments were generally similar to those reported elsewhere. 13 These operating conditions were chosen after optimization of each instrumental parameter.
A non-contact type pH meter (Twin pH meter B212; Horiba, Kyoto, Japan) was used for pH adjustment in the chelating resin preconcentration, where the sample solution was being stirred with a magnetic stirrer of Model SR100 (ADVANTEC, Tokyo, Japan). A laboratory-made 8-port syringe pump was used to load multi-samples simultaneously.
Two kinds of syringe filters (DISMIC-25HP from ADVANTEC, Tokyo, Japan, and Millex-LH from Nihon Millipore Kogyo, Tokyo, Japan) were used to construct minicolumns (i.d., 2.5 mm; l, 13.6 mm); the pore sizes of builtin membrane filters in both syringe filters were 0.45 mm. The DISMIC-25HP syringe filter was also used to collect La(OH)3 precipitate. Single-use syringes of Terumo series (Terumo Corporation, Tokyo, Japan) were used throughout the present experiment.
Chemicals and samples
Nitric acid, acetic acid and an aqueous ammonia solution of electronic industry grade were purchased from Kanto Chemicals (Tokyo, Japan). Multielement standard solutions for making working calibration curves were prepared from single-element standard stock solutions (1000 mg mL -1 ) for atomic absorption spectrometry (Wako Pure Chemicals, Osaka, Japan). Chelex 100 resin in 200 -400 mesh was purchased from Bio-Rad Laboratories (Richmond, CA, USA). The resin was purified according to a previously reported method. 11 Lanthanum nitrate [La(NO3)3] of extra-pure-grade was purchased from Wako Pure Chemicals. It was dissolved in 0.1 M HNO3, and used as a coprecipitant for trace elements.
The pure water used throughout the present experiment was prepared by a Milli-Q purification system of Model Element A-10 (Nihon Millipore Kogyo).
The present water samples were collected in August, 2003, at two sampling sites (A, N51˚42'02", E104˚35'43"; B, N52˚08'46", E105˚54'52") located in the southern basin of Lake Baikal. The samples were collected with a go-flow sampler at the surface of site A, and at the surface, 20 m depth, 600 m depth, and 1200 m depth of site B, respectively. The abovementioned samples will be referred to as Surface-A, Surface-B, 20-B, 600-B, and 1200-B, respectively, in the following text. The samples were acidified to pH 1 with conc. nitric acid, and were then preserved in polypropylene bottles, which were precleaned by soaking in 6.0 M HNO3 for more than one week, and rinsed with pure water before use.
In order to avoid contamination, filtration was not carried out for the present samples.
Procedure for the tandem preconcentration of trace elements
In order to determine as many elements as possible, Lake Baikal water samples were subjected to a pretreatment by a tandem preconcentration method, which integrated a chelating resin-packed minicolumn method by Zhu et al. 11 and a La coprecipitation method by Yabutani et al. 12 At the first preconcentration stage, the sample was subjected to preconcentration using a chelating resin-packed minicolumn, which was constructed with two syringe filters (DISMIC-25HP and Millex-LH) in the same manner as that reported by Zhu et al. 11 Chelex 100 resin of 200 -400 mesh was employed as the adsorbent, which permitted high-recovery preconcentration for trace elements at a sample loading flow rate of approximately 10 mL min -1 . The operation procedure was as follows. First, the sample was adjusted to pH 5.0, and taken into a 50-mL syringe. Second, the sample was loaded into a minicolumn at 7.0 mL min -1 , where trace elements were adsorbed on the resins packed in the minicolumn. Meanwhile, the sample effluent solution that passed through the minicolumn was collected in a glass beaker, and subjected to the second step of preconcentration. Third, 5 mL of pure water was passed through the minicolumn for rinsing. Fourth, 1.8 mL of 2 M nitric acid was passed through the minicolumn to elute trace elements, which were collected and subjected to measurements by HR-ICP-MS. Before each measurement, 0.2 mL of an internal standard solution (Ge, In, Re, and Tl, 10 ng mL -1 each in 2 M nitric acid) was added to the analysis solution for the purpose of an instrumental signal drift correction and a matrix effect correction. The concentration factor for trace elements was 25-fold.
Some trace elements, such as As, Zr, and Hf, were obtained with quite low recovery values in the preconcentration using a chelating resin-packed minicolumn, because of their abilities to form oxyanions or hydroxide complexes in natural water. In order to overcome this difficulty, La coprecipitation was carried out on a sample solution collected at the sample loading step of the first preconcentration stage.
The procedure for the second preconcentration stage was as follows. First, 1 mL of a La(NO3)3 solution (10 mg mL -1 of La, 0.1 M HNO3) was added into the sample solution as a coprecipitant. Second, the sample solution was adjusted to pH 9.5 with NH4OH, and then aged for 30 min to form a La(OH)3 precipitate, in which trace elements were enriched. Third, the sample was passed through a syringe filter to collect the precipitate. Fourth, the precipitate was dissolved using 1.8 mL of 2 M nitric acid, which was collected in a 5 mL test tube and subjected to a measurement of trace elements by HR-ICP-MS. Here, 0.2 mL of an internal standard solution (Y and Re, 10 ng mL -1 each in 2 M nitric acid) was added to the analysis solution. The concentration factor for trace metals in the second pretreatment stage was also 25-fold.
A trace-element spiked lake-water sample and a 0.1 M nitric acid solution were used for a recovery test and a blank test, respectively, which were subjected to tandem preconcentration in the same manner as the Lake Baikal water sample.
Results and Discussion

Analytical figures of merit
The detection limits, the recovery values and the blank values for the elements are summarized in Tables 1 and 2 , respectively, as analytical figures of merit of the present method. In the present work, the numbers in parentheses are lower digits of the standard deviations. For example, 17900(900) and 7.91(5) mean 17900 ± 900 and 7.91 ± 0.05, respectively.
The detection limits of 24 elements determined directly by the HR-ICP-MS are summarized in Table 1 . The analytical detection limits for these elements were equal to the instrumental detection limits (IDL), which were defined as the concentrations corresponding to 3-times the standard deviations (n = 10-times measurements) of signal intensities in a 2 M nitric acid solution. Table 1 gives the analytical detection limits for these elements, from 8 ng mL -1 of Ca to 0.0001 ng mL -1 of Cs. At the same time, the analytical detection limits, the recovery values and the blank values for 32 elements determined after tandem preconcentration are summarized in Table 2 . The recovery values and the blank values for the elements listed in Table 2 are the mean values estimated from 3-times repeated experiments. Lake-water samples spiked with a certain amount of trace elements were used as the recovery test solution, while 50 ml of 0.1 M nitric acid was used as the blank test solution. The same preconcentration and measurement procedures as those for lake-water samples were performed for the test solutions. It can be seen in Table 2 , the recovery values for the elements were near to, or higher than, 70%, except for Cr(VI) (50 ± 8%). It is noted that the standard deviations of the recovery values were generally less than 5%. All of the following analytical results for these elements were corrected with the recovery values. The blank values for most of these elements shown in Table 2 were not detected, or were almost negligible, because they were much lower than the concentrations of analyte elements in lake-water samples. The analytical detection limits for the elements listed in Table 2 are shown as method detection limits (MDL), which were calculated from the IDLs, while taking into account the concentration factor (25) and the recovery values. The analytical detection limits for these elements were in the range from 7 pg mL -1 of Se to 0.005 pg mL -1 of Lu.
Analytical results for elements in Lake Baikal water
The analytical results for elements in Lake Baikal water samples are also summarized in Table 1 (determined directly) and Table 2 (determined after preconcentration), respectively. It is seen that the analytical results of the elements in Lake Baikal covered a range of nine orders of magnitude, from approximately 17 mg mL -1 of Ca to less than 50 fg mL -1 of Tm. Variations of the concentrations of Fe, Zn, Cu, Pb, and Cd among different samples can be observed in Tables 1 and 2 . However, the variations are still in the range of those reported by Falkner et al., 3, 4 Suturin et al., 5 Grosheva et al. 6 and Sugiyama et al. 7 A comparison of the present results with reference data is summarized in Table 3 . It can be seen in Table 3 that the present results for most of the elements were coincident with reference data. However, the present results concerning the concentrations of Al, Pb, and Se were much higher than all of the reference data, while those of Cs, Zr, and Th were much lower than the results report by Grosheva et al. 6 It is noted that the results concerning Al by Suturin et al. 5 were higher than those by Falkner et al. 4 
and Sugiyama et al.;
7 however all of the reported data were lower than those observed in the present work. The differences could be attributed to the different pretreatments of water samples. Falkner et al. 4 measured Al after filtration with a filter of 0.2 mm pore size (no filtration for determination of other elements), while Suturin et al. 5 used a filter of 0.45 mm pore size for filtration; filtration was not performed on the present samples. At the same time, the data of Sugiyama et al. 7 showed that the concentration of Al in suspended particles was quite high. On the other hand, according to Itoh et al., 14 the distribution of Al in a pond water was as follows: < 0.05 mm fraction (ca. 2.0%), 0.05 -0.2 mm (ca. 1.6%), 0.2 -0.4 mm (ca. 5.2%), 0.4 -1.2 mm (ca. 30.8%), 1.2 -3.0 mm (ca. 31.8%), > 3.0 mm (ca. 28.6%). Therefore, it indicates that the pretreatment of filtration with different poresized filters influenced the analytical results of Al in natural water. Similar influence may also be observed for Fe, Ag, rare earth elements (REEs, 15 lanthanides), Pb, and Bi.
The reasons for the differences of Cs, Se, Zr, and Th between the present results and the references are not clear, because there are not sufficient references for such a discussion. However, the present results concerning Th were lower than that reported by Grosheva et al. 6 by a factor of almost two orders of magnitude, which indicates that the result of Grosheva et al. 6 might be affected by some contamination of Th. On the other hand, the maximum concentration of Cd observed by Falkner et al. 4 was much higher than the minimum and those observed by other researchers. This could be attributed to the Cd contamination of some samples in the experiment by Falkner et al., 4 as mentioned in their paper.
It is noted that only 32 elements are given in Table 3 , because the remaining 24 elements determined in the present experiment had rarely been reported. Therefore, further studies on such elements in Lake Baikal are necessary to provide basic data concerning elemental chemistry in Lake Baikal, and for assessing the future environmental status of pollutants in Lake Baikal.
Conclusion
Lake Baikal water samples were analyzed by HR-ICP-MS directly and after a tandem preconcentration integrating chelating resin adsorption and La coprecipitation. Analytical results of 56 elements were acquired with a single instrument. A comparison of the present results and reference data indicate that the present results were generally in the ranges of those reported by other researchers. Some differences between the present results and the reference data were also observed and discussed. However, data concerning the multi-elemental distribution in Lake Baikal are still scarce, which has limited further discussion. Therefore, further studies on Lake Baikal are needed in order to assess the lake environment, and to provide more information for future assessments of the environment of Lake Baikal.
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